Abstract-From hydrothermal experiments three pressure-temperature-time curves have been refined for the system A1EOa-SiOE-HEO and reversal temperatures established for two of the principal reactions involving kaolinite. The temperatures of three isobaric invariant points enable the Gibbs free energy of formation of diaspore and pyrophyllite to be refined and the stability field of kaolinite to be calculated. The maximal temperature of stable kaolinite decreases from 296~ at 2 kb water pressure to 2840C at water's liquid/vapor pressure, and decreases rapidly at lower pressures. On an isobaric plot of [H4SiO4] vs. ~ kaolinite has a wedge-shaped stability field which broadens toward lower temperature to include much of the [H4SiO4] range of near-surface environments. If [H4SiO4] is above kaolinite's stability field and the temperature is <100~ halloysite forms rather than pyrophyllite, an uncommon pedogenic mineral. Pyrophyllite forms readily instead of kaolinite above 1500C if[H4SiO4] is controlled by cristobalite or noncrystalline silica.
INTRODUCTION
The dehydroxylation of kaolinite at atmospheric pressure has been described extensively in scores of papers and patents during the last 60 years. Although several early papers (Van Nieuwenberg and Pieters, 1929; Schachtschabel, 1930; Hill, 1953; Saalfeld, 1955;  von Dietzel and Dhekne, 1957 ) demonstrated rehydroxylation, the rehydroxylation process has not been studied in detail. Roy and Brindley (1956) hydrothermally treated 'meta' phases of kaolinite, dickite, and haUoysite and found that all rehydroxylated to kaolinite. Their finding that rehydroxylation takes place at 370~ and 20 ,000 psi and their conclusion that pressure affects rehydroxylation less than temperature are incompatible with recent work.
Although early experimental work on the system A1EO3-SiOE-H20 ( Roy and Osborn, 1954; Carr and Fyfe, 1960 ; Aramaki and Roy, 1963 ; Velde and Kornprobst, 1969) gave different boundaries for the stability field of kaolinite and different dehydroxylation products, they did sharpen awareness of the distinction that must be made between stability and synthesis fields and of the need to consider additional variables.
Copyright 9 1985, The Clay Minerals Society Garrels and Christ (1965) calculated the stability of kaolinite at 25~ and 1 bar, with the activities of H4SiO4, A13+, and ALOE-as variables. A subsequent investigation of the synthesis field of kaolinite by Eberl and Hower (1975) varied the Si/A1 ratio of hydrothermal charges without explicitly treating activities of dissolved species. In 1977, Walther and Helgeson presented a diagram of stability relations for the system A12Oa-SiOE-HEO at 1 kb, with temperature and the activity of H4SiO4 as variables. Hemley et al. (1980) published stability relationships for this system at 1 kb, 2 kb, and pressures along the liquid-vapor curve of water. Their diagrams were calculated from thermodynamic data derived from their measurements of aqueous silica at 1 kb invariant points.
To refine the Gibbs free energies needed to calculate the stability field of kaolinite, more than 250 hydrothermal runs have been made with kaolinite and metakaolinite. These runs yielded three pressure-temperature-time curves and two important reaction reversals which, following Hemley et al. (1980) , yielded three isobaric invariant points in the system A1EOa-SiOE-HEO.
EXPERIMENTAL PROCEDURE AND MATERIALS
The hydrothermal runs were made in cold-seal rod pressure vessels. Charges of 0.0828 g clay and 0.0828 g H:O, were sealed in metal tubes, Ag or Pt when the charge pH was ~ 7, Au when the pH was lower. The tubes were weighed before and after runs to check for leaks. The charges were quenched by plunging the pressure vessel into cold water. The accuracy of experimental temperatures and pressures is estimated to be +2~ and +3%, respectively. Metakaolinite for the first 100 runs was a commercial calcination product sold by the J. M. Huber Corporation, their designation 80-C. It was 85% finer than 2 ~tm and yielded no X-ray diffraction pattern. Metakaolinite for subsequent runs was Rio Capim kaolin (Hurst and Basio, 1975) , degritted without dispersant and fired for 2 hr at 650~ Runs with metakaolinites prepared from a variety of kaolins from Georgia, England, and Brazil showed that transformation temperatures were hardly affected by source when run duration was > 3 days. The natural kaolinite that was used was degritted Rio Capim kaolin. The silicic acid was Baker analyzed reagent containing 10.6% water.
Phase identifications were based on X-ray powder diffraction (XRD) patterns obtained with a Norelco diffractometer (CuKa radiation), on crystal morphology, or on electron diffraction patterns obtained with a Siemens 101 or Philips 400 electron microscope. Recorded peak intensities are the average of four XRD measurements made on different portions of two mounts.
REACTION KINETICS
Experimental work in the system A1203-SiOz-H20 generally has been impaired by sluggish reaction rates, metastable phases, and difficulty in establishing equilibrium by reaction reversal. These problems can be largely overcome by using charge materials of high entropy and by lowering the pH. The reaction Kaolinite + 2 Quartz = Pyrophyllite + H20, for example, can be accelerated by these means enough for reversal within 12 days over a temperature interval smaller than 50C at 260~
Each' mineralogical transformation involving kaolinite takes place through dissolution and recrystallization, and can be regarded as the sum of two reactions. Reaction (1) below, for example, can be described as the sum of reaction (a), breakdown of a mineral to form ions, and reaction (b), recombination of ions to form another mineral:
Pyrophyllite + 10H20 = 2AP + + 4H4SIO4 + 6OH-(b) 2AP + + 2H4SIO4 + 6OH-= Kaolinite + 5H20
(1) Pyrophyllite + 5H20 = Kaolinite + 2H4SIO4.
As shown by the equations, the direction of the phase change is independent of pAP + and pH, but strongly dependent upon pH4SiO4. Reaction rate depends upon all three. Below pH 8, the activity of H4SiO4 is essentially independent of pH, which can be lowered to increase the activity of aqueous aluminum and thus accelerate reaction, without changing the position of the phase boundary. The lowering of pH to accelerate reaction becomes less effective above 300~ where dissociation of HC1 decreases rapidly (Hemley, 1959; Henley, 1973) .
RESULTS
Two sets of data were obtained, one from hydrothermal runs, the other from thermal dehydroxylations at atmospheric pressure.
Hydrothermal runs
When a metakaolinite-water slurry was heated <200~ rehydroxylation was very slow, a reaction time of a week or more was required for rehydroxylation to be detectable by X-rays. Above 200~ rehydroxylation proceeded more rapidly the higher the temperature and pressure, up to a particular temperature (Figure 1 ) above which hydralsite, pyrophyllite, and, in some runs, smectite began to form. The temperature at which rehydroxylation of metakaolinite was most rapid varied with pressure, from 270~ at 300 psi to 365~ at 30,000 psi ( Figure 2 ). The temperature limit of stable kaolinite is 287~ at 5000 psi and 2930C at 20,000 psi, as shown below. Metastable kaolinite formed readily during the rehydroxylation of metakaolinite at higher tempera~ tures, when the fluid was undersaturated with respect to quartz.
How the reaction products obtained from a charge of metakaolinite + water changed with temperature and pressure is shown in Figure 2 . Left of the curve, kaolinite crystallized; to the right, hydralsite + pyrophyUite formed, their proportion increasing and that of initially formed kaolinite decreasing with increasing temperature. Increasing the reaction time from 7 days to several months shifted the upper part of this curve to the left and increased the proportion ofpyrophyllite; thus, the curve is not an equilibrium stability curve. Above 400~ andalusite appeared in one or two weeks, earlier at higher temperatures. A charge held at 420~ and 10,000 psi for a week transformed completely to hydralsite + pyrophyllite; if charges reacted under these conditions, unopened, were held another week at 10,000 psi, but each at a successively lower temperature, kaolinite first appeared at 290~ as shown by runs along the arrow in Figure 2 . Note that hydralsite did not form at pressures above the kyanite-andalusite boundary of Day and Kumin (1980) .
The reaction products for a charge of metakaolinite + silica are shown in Figure 3 . Each charge was 0.0828 g metakaolinite + 0.0828 ml H20 + 0.0500 g silicic acid containing 0.0448 g SiO2. The added silica was just sufficient to convert all of the metakaolinite to pyrophyllite. To the left of the curve, kaolinite crystallized; to the right, pyrophyllite + kaolinite, the proportion of kaolinite decreasing with time. Hydralsite did not appear. Increasing reaction time shifted the upper part of the curve to the left, as seen in Figure 3 , at 20,000 psi. When several charges held at 420~ and 10,000 psi for a week to transform the metakaolinite entirely to pyrophyllite were then cooled, unopened, at the same pressure to successively lower temperatures and held for another week, kaolinite first appeared at 260~ as shown by runs along the arrow in Figure 3 .
The reaction products for a charge of metakaolinite + silica + 20% HCI in the proportions above are shown in Figure 4 . This charge ensured high activity of aqueous aluminum, principally A1OH 2 § (Helgeson, 1969) , as well as aqueous silica, and therefore ensured rapid reaction. XRD patterns of the products show quartz in every run. The reaction products for a charge of natural kaolinite + water are shown in Figure 5 . The upper part of this curve is similar to one determined by Roy and Osborn (1954) .
Semilog plots of the data in Figures T ~ Figure 5 . Non-equilibrium, hydrotherrnal dehyd~o• curve of kaolinite, the locus of P-T points at which reaction rate becomes sufficient to yield detectable products in 7-40 days. Numbers adjacent to symbols are reaction time in days.
The L/V curve is water's liquid-vapor curve. Kaolinite's P-TTime dehydroxylation curves mimic isopleths of water's free energy of formation. clearly the behavior of the curves at lower pressures ( Figure 6 ). Each curve changes slope below the L/V curve of water so as to parallel the isopleths of water's free energy of formation (see Helgeson and Kirkham, 1974, p. 1168) .
Thermal dehydroxylation of kaolinite at atmospheric pressure
Typical thermal dehydroxylation curves for kaolinite ( Figure 7 ) were obtained by heating small samples in air at fixed temperatures for a fixed time and measuring the XRD intensity of the 7.16-/~ peak on pressed discs of the heated clay. The transformation to metakaolinite was attended by a decline in the XRD intensity of the 001 peak. The rate ofdehydroxylation (negative slope of the curve) accelerated at about 4000C. Most samples were completely transformed at 600~ within a few minutes. An exception is the coarse and well-crystallized Keokuk kaolinite, whose differential thermogram shows an endothermic peak at 690~695~ (Keller et aL, 1966) . Even the Keokuk kaolinite dehydroxylated at <600~ over a 24-hr period.
DISCUSSION AND INTERPRETATION

Stability of kaolinite near atmospheric pressure
Below 200~ dehydroxylation of kaolinite was very slow, and the rate varied more with water vapor pressure than with temperature. For example, the thermogravimetric curves in Figure 1 ofAchar et al. (1966) show that the extent of dehydroxylation at 300~ changes more from a 1-psi decrease in water vapor pressure than from a 100*C increase in temperature. Extrapolation ofa semilog plot of the kaolinite + water curve of Figure 5 shows that 400 psi water pressure was sufficient to prevent dehydroxylation at 300~ At 25~ 0.46 psi water vapor pressure was sufficient to prevent dehydroxylation. In water-saturated rocks at temperatures left of the curve in Figure 4 , kaolinite should therefore be stable unless it dissolves, as through low activity of H4SiO4, or reacts with dissolved species. In soils above the water table, where relative humidity may drop below 50% (Marshall, 1977) , and at the earth's surface, kaolinite should dehydroxylate at a slow but measurable rate and therefore be unstable. 
Clays and Clay Minerals
Stability field of kaolinite
In the system A1203-SiO2-H20, the stability field of kaolinite (Figures 8 and 9 ) is bounded by three isobaric univariant curves corresponding to the following hydroxylation-desilication reactions:
(1) Pyrophyllite + 5H20 = Kaolinite + 2H4SIO4 (2) Kaolinite + 3H20 = 2Diaspore + 2H4SIO4 (3) Kaolinite + 5H20 = 2Gibbsite + 2H4SIO4 Two isobaric invariant points are fixed by thermal dehydroxylation-silication reactions: (4) Gibbsite + Diaspore + 2H4SIO4 = Kaolinite + 4H20 (5) 2Kaolinite = Pyrophyllite + 2Diaspore + 2H20
Two other invariant points relate to (6) Kaolinite + 2Quartz = Pyrophyllite + H20 (7) Pyrophylfite = Andalusite + 3Quartz + H20
Five additional curves shown in Figures 8 and 9 correspond to the reactions (8) Pyrophyllite + 5H20 = Andalusite + 3H4SIO4 (9) Andalusite + 3H20 = 2Diaspore + H4SiO4
(10) Pyrophyllite + 8H20 = 2Diaspore + 4H4SIO4 (11) 2Diaspore = Corundum + H20 (12) Gibbsite = Diaspore + H20
All of these reactions except the last two depend upon [HaSiO4] . The calculation of curves to represent these reactions requires reliable values for the free energy of formation of H4SiO4, which can be derived from the free energy of formation of water (Fisher and Zen, 1971; Hass, 1970) , the free energy of formation and molar volume of quartz (Robie et al., 1979) , and the solubility of quartz. The solubility of quartz repeatedly has been measured (Kennedy, 1944; Morey et al., 1962; Siever, 1962; Anderson and Burnham, 1965; Crerar and Anderson, 1971, and others) . With an equation of state whose parameters were derived by regression of available quartz solubility data, Walther and Helgeson (1977) calculated the solubility of aqueous silica to 5 kb and 600~ More recent measurements by Hemley et al. (1980) agree closely with the 1 kb values of Walther and Helgeson (1977) , though less well with their values for H20 L/V pressures. Walther and Helgeson' s values were used to plot the quartz saturation curves in Figures 8 and 9 and to calculate the free energy of formarion of H4SiO4 (Table 2 ) because they yielded slightly better consistency between calculated curves and experimental points.
Interpretation of experimental curves
When kaolinite + water charges were heated, the initial reaction was incongruent dissolution. H4SiO4 increased rapidly at first but slowed as the fluid reacted with silica-depleted surfaces; H4SiO4 remained below quartz saturation for days. When silica was added, H4SiO4 increased and pyrophyllite began to form.
Without added silica, H4SiO 4 remained below curve (1) in Figures 8 and 9 . When P-T conditions were to the right of kaolinite's stability field, kaolinite underwent no apparent change for weeks unless conditions were also to the right of the curve in Figure 5 , which is a non-equilibrium, hydrothermal dehydroxylation curve. This curve gives the P-T point at which the reaction rate became great enough to yield detectable products in 7-40 days. The rate decreased with decreasing temperature, a year being required for detectable products to form at 300~ (Reed and Hemley, 1966) .
When a high-solids mix of metakaolinite + water was heated within the P-T range of kaolinite's stability field, aqueous silica rose quickly to a value between curves (1) and (2) (Figures 8 and 9 ) and kaolinite began to recrystallize. At higher temperatures but still below the stability field ofandalusite, aqueous silica remained along curve (10); a small increase in aqueous silica triggered growth of pyrophyllite, but an increase in aqueous AI caused boehmite to form. At higher tem- Table 1 . How point "5" shifts with pressure is shown by the curve in Figure 4 . How points "6" and "7" shift with pressure is closely approximated by the curves in Figures 3 and 2 , respectively.
peratures up to point "7," aqueous silica must remain near curve (8), tending to rise above it, because very slow growth of pyrophyllite became detectable after several weeks. Adding a little silica caused rapid formation of pyrophyllite. At point "7," where the quartz saturation curve intersects curve (8), pyrophyllite + hydralsite formed rapidly in place of metastable kaolinite. Many runs showed that hydralsite crystallized only within the andalusite field. At temperatures to the right of point "7," aqueous silica remained along curve (8), with initial crystallization of pyrophyllite + metastable hydralsite and a final stable assemblage of pyrophyllite + andalusite + quartz. Figure 2 shows how the temperature of point "7" changed with pressure. When a charge that had completely transformed to pyrophyllite + hydralsite was held at successively lower temperatures, aqueous silica dropped to its equilibrium value on the ordinate at that temperature, along curves (8) and (10), and the ratio pyrophyllite:hydralsite increased until the temperature of point "6" was reached, when kaolinite began to crystallize. This reaction is shown by runs along the arrow in Figure 2 which indicate the same temperature for point "6" approached from higher temperature as indicated by Figure 3 , where point "6" was approached from lower temperature.
When a high-solids mix ofmetakaolinite + water + sufficient silica to convert metakaolinite to pyrophyllite was heated within the P-T range of kaolinite's stability field, aqueous silica rose quickly to a value between curves (1) and (2) and kaolinite began to recrystallize. Up to the temperature of point "5" (Figures 8 and 9 ), only kaolinite was quick to crystallize, though quartz was detectable after a few days. At temperatures between points "5" and "6," aqueous silica was buffered at first by crystallizing kaolinite but rose during a 1-2 week period above curve (1) and pyrophyllite began to form. Thus, the curve in Figure 3 shifted a little to the left when run time exceeded one week. For short runs at temperatures up to point "6," only kaolinite was detectable by X-rays. At temperatures above point"6," pyrophyllite formed. When a charge that was completely transformed to pyrophyllite + quartz was held at successively lower temperatures, aqueous silica decreased along the quartz saturation curve until the temperature of poin t "5" was reached, whereupon kaolinite began to crystallize. Runs along the arrow in I/*K Figure 9 . Stability field of kaolinite in the system A1203-SiO2-HzO at 1 kb water pressure. For temperatures of isobaric invariant points, see Table 1 .
3 gave the same temperature for point "5" approached from higher temperature as indicated by Figure 4 , where point "5" was approached from lower temperature. When a high-solids mix of metakaolinite + silica + 20% HCI was heated at a temperature below point "5," a little boehmite crystaUized at first, the activity of aqueous A1 being very high, but soon the concentration of aqueous silica rose to a value within the stability field of kaolinite, which began to crystallize. After a week the reaction product showed a trace of quartz, as seen in Figure 4 . At a temperature slightly to the right of point "5" pyrophyllite began to form. In the reverse direction, pyrophyllite + quartz began to transform to kaolinite + quartz near the temperature of point "5." The temperature interval over which this transformation was reversible in 2 weeks was 5~ How the temperature of point "5" varied with pressure is seen in Figure 4 .
Synthesis field of hydralsite
Since first described by Roy and Osborn (1954) , hydralsite has been mentioned in several reports on the A12Oa-SiOE-H20 system ( Aramaki and Roy, 1963; Velde and Kornprobst, 1969) Hydralsite is a fast-forming, rnetastable phase that crystallized in lieu of andalusite when the activity of aluminum was low, particularly when the fluid was undersaturated with respect to quartz. In no experiment was it seen to form outside the stability field of andalusite, nor above 560~ Hydralsite should be expected in nature only where composition approximated the A1203-SiO2-H20 system, aqueous aluminum was low, H4SiO4 was ~ 10 1"5--10-2"4, temperature ~300 ~ 5600C and not long maintained, and pressure was below the kyanite-andalusite boundary. A natural occurrence has not been reported.
Calculation of the stability fleM of kaolinite
Invariant point "5" in Figure 8 is the intersection of curve (1), representing reaction (1), Pyrophyllite + 5H20 = Kaolinite + 2H4SIO4, with the quartz saturation curve. The experimentally determined temperature of this point is 260~ (Table 1) corresponding to an aqueous silica value of 10 -1-97 . The standard free energy change of reaction (1) (Hemley et al., 1980) , where G~ is the standard molar free energy of formation of the solids from the elements, G*f is the standard Gibbs free energy (Fisher and Zen, 1971) , AVs is the volume change of reaction for the solids at 298~ 1 bar, AS~ is the change in entropy of formation of the solids at 298~ and ACpf.s is the change in heat capacity of formation of the solids. At T = 533.15OK and 1 kb, here chosen as the reference state, the standard free energy change of reaction (1) Robie et al. (1979) .
Solving the above equation at T = 566.15~ the experimental value for point "6," gives an aqueous silica value of 10 -t'92 and thus defines a point on curve (2). A similar thermodynamic equation for reaction (2) gives G~ with respect to G~ Of the three equations representing curves (1), (2), and (8), the element G~ is common to curves (1) and (2), and G~ is common to curves (1) and (8). Computer-assisted trial solutions of these equations, varying the values of common elements, were used to find values consistent with all geometric and experimental constraints for the standard Gibbs free energy of formation of kaolinite, pyrophyllite, andalusite, and diaspore.
The experimental data enabled calculation of the difference between two G~ in each of three cases. G~ appeared to have been well evaluated by previous work (Barany and Kelley, 1961; Hemingway et al. (1978) . The trial solutions showed that any increase or decrease in the Hemley et al. (1980) (Table 3) .
Invariant point "4" representing reaction (4) was approximated by plotting the intersection of two curves: (a) temperature vs. G*fH4SiO4 from Table 2 , and (b) temperature vs. AG*fH4SiO4 derived from the equation 2AG*fH4SiO4(T.p) = AGfKaol.~T.~ ) + 4AG*fH20~T.p ) -AGfGibbsiteo-.p ) -AGfDiaspore(r,v). The resulting value was higher than the 100~ mentioned by Wefers and Bell (1972) and 9~ lower than the experimental approximation of 155~ by Laubengayer and Weisz (1943) .
All slanting curves in Figures 8 and 9 were calculated from data in Table 3 and Robie et aL (1979) . Curve (11) is from Fyfe and Hollander (1964) . Curve (12) was located as outlined above. The dashed vertical curve was approximated from published data, reviewed below.
Stability field of halloysite
When rocks differing widely in composition are subjected to weathering (Parham, 1969) or low-temperature hydrothermal alteration, halloysite is a common alteration product. It may form as the principal secondary mineral or in association with kaolinite or smectite, depending upon the activity of H4SiO4 and alkaline earths (Busenberg, 1978) . If water pressure drops below L/V pressures, halloysite tends to dehydrate irreversibly to metahalloysite.
The halloysite-kaolinite phase boundary, a vertical line in Figures 8 and 9 , can be approximated from published data. Roy and Osborn (1954) reported that halloysite is stable at water's L/V pressures up to 170~ above this temperature it dehydrates at all pressures up to 30,000 psi. Their criterion for stability, whether any halloysite remained after hydrothermal treatment, did not allow for reaction kinetics, hence their maximal temperature for stable halloysite is too high. Minato and Aoki (1979) detected no dehydration at 100~ and 120~ but rapid dehydration at 135~ at L/V pressures. Their dehydration rate curves indicate that halloysite dehydrates in longer runs well below 120~ The (9) 370 _+ 10 394 + 10 and (11) 155 360 -+ 7 Laubengayer and Weisz (1943) 360 Haas and Holdaway (1973) Hollander (1964) 384 Haas (1972) ,198,352 -2.148 -1,207,959 -2.243 -1,217,592 -2.350 -1,227,193 -2.467 -1,236,863 -2.593 -1,246,600 -2.737 -1,256,358 -2.906 -1,266,077 -3.094 -1,275,658 -3.323 -1,285,631 -3.604 -1,295,438 -3.945 -1,305,094 G*rH4SiO4 calculated from quartz solubilities of Walther and Helgeson (1977) , free energy of formation and molar volume of quartz from Robie et aL (1979) and the G*fH20 values shown on the left.
From the fugaeity data of Hass (1970) . 2 > 100oC from Fisher and Zen (1971) ; < 100~ from Robie et al. (1979) . Robie et al. (1978) . 2 This study.
All unreferenced values are from Hemley et al. (1980) . Cp = al02 + bl0-4T + cl05T -2 + dl02T -1/2 + el0-ST 2. f~,~ACpf.sdT = Aal02AT + (Ab/2)10-4(T22 -T~ 2) -Acl0S(1/T2 -1/T~) + 2Ad102(T2 ~/2 -T3 v2) + (he/3)10-5(T23 . Maximum temperatures for halloysite and kaolinite stability at low water pressures. The triangle marking rapid dehydration of halloysite is from Hughes (1966) . The solid circle marking onset of rapid dehydroxylafion of kaolinite is from Figure 7 .
water pressure at which dehydration commences is approximated by the L/V curve very closely up to 100~ at higher pressures the temperature remains below 110~ as indicated in Figure 10 . One position of the pyrophyllite-halloysite and halloysite-gibbsite boundaries at 250C can be calculated from data in Robie et al. (1979) . These boundaries are at higher silica activities than the pyrophyllite-kaolinite and kaolinite-gibbsite boundaries because the Gibbs free energy of formation of halloysite is slightly higher. Decreasing crystallinity ofhalloysite, other factors being equal, pivots these boundaries clockwise about their intersection near 100~ with the pyrophyllite-kaolinite and kaolinite-gibbsite lines. Increasing disorder in kaolinite shifts its phase boundaries upward, while improved growth conditions for halloysite leading to higher order and lower free energy shifts its boundaries downward, toward coincidence with those of kaolinite.
Below 100~ either halloysite or kaolinite may form. High H4SiO4, the presence of elements that may substitute for Si and A1, fluctuating conditions--whatever favors rapid growth, disorder, and interlayer water--should favor the formation of halloysite. These arguments are consistent with Keller's conclusion (1978) , based upon a scanning electron microscopic study of weathered products throughout the world, that halloysite is characteristic of near-surface or highland areas where weathering conditions are transitory, whereas kaolinite is more characteristic of thick saprolitic zones where conditions have persisted, perhaps near equilibrium, for long periods.
Below 100~ at all water pressures greater than L/ V pressures, halloysite's interlayer water should remain intact, even though continued interaction with the pore fluid may improve order and eliminate any initial layer charge deficiency. Halloysite can recrystallize readily at low temperature when the composition of the pore fluid is suitable (La Iglesia and Galan, 1975) , when aqueous aluminum is high. Upon exposure to soil air of moderate humidity or the atmosphere, halloysite tends to lose its interlayer water irreversibly, the rate of loss being particularly sensitive to water pressure and less sensitive to particle size. The transformation to metahalloysite, often hard to distinguish from kaolinite, is rapid in the upper part of even immature weathering profiles (Kremer, 1983) . Dehydration may result from simple desiccation or dehydration coupled with recrystallization, apt to be accompanied by a morphological change. Above ~ 110~ halloysite tends to transform to kaolinite at any water pressure.
The prevalence of halloysite where silica activity is high, as in glassy volcanic rocks that have been subjected to weathering or low-temperature hydrothermal alteration, has been noted many times. Also frequently noted in the literature is the association of kaolinite with gibbsite where silica activity is low. Where halloysite and kaolinite are zonally associated, the kaolinite zone is in the direction of higher temperature of formation. These associations, often observed, are consistent with stability relations as derived in Figures  8 and 9 . The overlap of formational conditions and the ease with which halloysite may transform to kaolinite contribute to the difficulty commonly encountered in differentiating these minerals.
CONCLUSIONS
The maximal temperature for stable kaolinite is about 300~ decreasing from 296~ at 2 kb water pressure to 284~ at water's L/V pressure, and decreasing very rapidly at lower pressures (Figure 3) . On an isobaric plot of [H4SiO4] vs. ~ kaolinite's wedge-shaped sta-Clays and Clay Minerals bility field (Figures 8 and 9 ) broadens toward lower temperatures to include much of the range of aqueous silica in near-surface environments. This range generally is < 1 ppm to ~40 ppm ( McKeague and Cline, 1963, in Kittrick, 1969) but may exceed 100 ppm. Where [H4SiO4] is above kaolinite's stability field, halloysite tends to form rather than pyrophyllite. Though pyrophyllite is common in some sediments and soils, no clear case of its origin through pedogenesis has been described. According to Figure 8 , pedogenic pyrophyllite should be rare; hydrothermal pyrophyllite, on the other hand, should form readily where [H4SiO4] is controlled by cristobalite or noncrystalline silica, at temperatures as low as 150~
The de-and re-silication reactions that bound kaolinite's stability field are relatively fast. During experiments on the artificial weathering of feldspars, Busenberg (1978) found that all solutions reached equilibrium with fine-grained reaction products within 100 hr at 25~ When these reactions hardly proceed, the usual reason is low activity of aqueous aluminum or buffering of [H, SiO4] at a value precluding change.
Despite continuing attempts to portray kaolinite stability on a P-T plot (Minato et al., 1982) , a third variable, at least, must be defined. Aqueous silica is a preferred variable because, unlike aqueous aluminum, it exists essentially as one species having relatively high activity over the pressure-pH range of most low-temperature natural environments.
Kaolinite is a characteristic mineral of low-to moderate-temperature, low-pH, high-Eh, low-alkali, intermediate-H4SiO4 environments, as indicated by Figures  8 and 9 , the activity-activity diagrams of Bricker et al. (1968) and Marshall (1977) , and the common observation that kaolinite is better crystallized where the iron in the system is tied up in ferric minerals. Where log pH[K+,Na*,Mg 2+] > 3, smectite may form. Where log pH[K +] > 5, illite may form in lieu of kaolinite. Log pH[Na § > 6 allows the formation of a zeolite phase. Progressive leaching of alkalies and alkaline earths, under oxidizing conditions, transforms smectite and other silicates to kaolinite. This transformation is almost ubiquitous in saprolites that have smectite deep in the profile. In anaerobic environments, where Eh < + 100 mV, released iron is apt to be ferrous, highly mobile, and may be incorporated substitutionally in kaolinite (Bhattacharyya, 1983) , unless there is sufficient sulfur to immobilize the iron as pyrite.
The formation ofhalloysite is favored by high H4SiO4 and conditions that favor substitutional impurities. It may persist so long as water pressure remains above L/V pressures and temperature below ~ 100~
Hydralsite is a fast-forming metastable phase. In experiments described here, it formed only within the pressure-temperature range of andalusite's stability field. No natural occurrence has been reported.
Most kaolinite and halloysite have been produced by weathering. Kaolinite has survived as a common constituent of sediments ranging in age from Devonian to Present. Much less halloysite has survived, due to its low dehydration temperature and instability at low water pressures. Kaolinite commonly is a dominant mineral in lacustrine and fluviatile deposits. It is abundant in oxidized sediments and in reduced marine Sediments when they are pyritic. In buried sediments, the [H4SiO4] and water pressure required for kaolinite stability commonly have been maintained and kaolinite has tended to survive, but where alkalies, alkaline earths, or aqueous iron have concentrated in the pore fluid, kaolinite has tended to transform to illite, zeolites, berthierine, or other minerals.
